Single-nucleotide polymorphisms (SNPs) in the FKBP5, GRIK4, and HTR2A genes have been shown to be associated with response to citalopram treatment in the STAR*D sample, but only associations with FKBP5 have so far been tested in the Munich Antidepressant Response Signature (MARS) project. Response and remission of depressive symptoms after 5 weeks of antidepressant treatment were tested against 82 GRIK4 and 37 HTR2A SNPs. Association analysis was conducted in about 300 depressed patients from the MARS project, 10% of whom had bipolar disorder. The most predictive SNPs from these two genes and rs1360780 in FKBP5 were then genotyped in a total of 387 German depressed in-patients to analyze potential additive and interactive effects of these variants. We could not replicate previous findings of the Sequenced Treatment Alternatives to Relieve Depression (STAR*D) study in our sample. Although not statistically significant, the effect for the best GRIK4 SNP of STAR*D (rs1954787, p ¼ 0.076, p corrected ¼ 0.98) seemed to be in the same direction. On the other hand, the nominally significant association with the top HTR2A SNPs of STAR*D (rs7997012, allelic, p ¼ 0.043, p corrected ¼ 0.62) was with the opposite risk allele. The GRIK4 SNP (rs12800734, genotypic, p ¼ 0.0019, p corrected ¼ 0.12) and the HTR2A SNP (rs17288723, genotypic, p ¼ 0.0011, p corrected ¼ 0.02), which showed the strongest association with remission in our sample, had not been reported previously. Associations across all genetic markers within the GRIK4 (genotypic, p ¼ 0.022) or HTR2A (genotypic, p ¼ 0.012) locus using the Fisher's product method (FPM) were also significant. In all 374 patients, the best predictive model included a main effect for GRIK4 rs12800734 and two significant interactions between GRIK4 rs12800734 and FKBP5 rs1360780, and GRIK4 rs12800734 and HTR2A rs17288723. This three SNP model explained 13.1% of the variance for remission after 5 weeks (p ¼ 0.00051 for the model). Analyzing a sub-sample of 194 patients, plasma ACTH (p ¼ 0.002) and cortisol (p ¼ 0.021) responses of rs12800734 GG (GRIK4) carriers, who also showed favorable treatment response, were significantly lower in the second combined dexamethasone (dex)/corticotrophin-releasing hormone (CRH) test before discharge compared with the other two genotype groups. Despite large differences in ethnicity and design compared with the STAR*D study, our results from the MARS study further support both independent and interactive involvement of GRIK4, HTR2A and FKBP5 in antidepressant treatment response.
INTRODUCTION
Major depressive disorder (MDD) has a high prevalence in the general population (16-20%) and an enormous effect not only on the life of affected individuals but also on the society as a whole (Fava and Kendler, 2000) . Despite the availability of modern antidepressant drugs that primarily target monoaminergic neurotransmitter systems, only about one-third of patients experience full remission after the first treatment trial. The other two-thirds require several treatment attempts or do not respond at all (Fava and Davidson, 1996; Trivedi et al, 2006) . Evidence suggests that such marked individual variation in antidepressant treatment response might to some degree be determined genetically (Angst, 1961; O'Reilly et al, 1994; Franchini et al, 1998) . Pharmacogenetic association studies have implicated a series of candidate genes in antidepressant treatment outcome (Malhotra et al, 2004; Binder and Holsboer, 2006; Kato and Serretti, 2008; Horstmann and Binder, 2009 ). However, until recently, most genetic association studies have been fraught with small samples sizes, insufficient marker density, and inconsistent replications. Starting in 2006, pharmacogenetic association studies have been published from the Sequenced Treatment Alternatives to Relieve Depression (STAR*D) sample. For these studies, 1953 individuals within this study with non-psychotic major depressive disorder, who were exclusively treated with the selective serotonin reuptake inhibitor citalopram for up to 14 weeks at level 1, have been analyzed.
In an initial screen in a reduced sample (n ¼ 1360), analyzing 768 single-nucleotide polymorphisms (SNPs) in 68 candidate genes, rs7997012 in the HTR2A gene locus encoding the serotonin 2A receptor was found to be associated with treatment outcome at level 1 of STAR*D (McMahon et al, 2006) . The researchers used a split-sample design with two-thirds of the sample randomly assigned to the discovery and one-third to the replication sample. The A allele of rs7997012 was associated with a better treatment outcome and this association withstood correction for multiple testing. In a second study from the same group that now used the full sample (n ¼ 1816) for association, the HTR2A association result could be reproduced and a new marker, rs1954787, in the GRIK4 gene has been found to be predictive for antidepressant treatment outcome in the discovery as well as replication sample (Paddock et al, 2007) . The GRIK4 gene encodes the kainic acid-type glutamate receptor 1 (KA1) subunit, which co-assembles with other glutamate receptor subunits to form cationselective ion channels, but might also possess metabotropic function (Rodriguez-Moreno and Sihra, 2007) . The effect size of the GRIK4 marker alone was modest, but homozygote carriers of the treatment-response-associated marker alleles of both the GRIK4 and HTR2A genes were 23% less likely to experience non-response to citalopram treatment when compared with participants who did not carry any of these marker alleles (Paddock et al, 2007) .
The FK-506 binding protein (FKBP5) is a co-chaperone of hsp-90 and regulates glucocorticoid receptor (GR) sensitivity (Schiene-Fischer and Yu, 2001 ). An impaired negative feedback regulation of the hypothalamus-pituitary-adrenocortical (HPA) system through the GR receptor seems to be the cause for the hyperactivity of the stress hormone system that is consistently found in acutely depressed patients (Reul et al, 1993; Raison and Miller, 2003) . Irrespective of their primary pharmacological mode of action, clinical response to antidepressant treatment is often accompanied by a normalization of HPA axis hyperactivity, as measured by the combined dexamethasone (dex) suppression/corticotrophin-releasing hormone (CRH) stimulation (dex/CRH) test (Ising et al, 2005) . A decrease in cortisol response in this test has been found to predict clinical improvement, making the dex-CRH test a potential biomarker for antidepressant treatment response (Ising et al, 2007) . Genetic associations with the dex/CRH test outcome could thus serve as potential biological support for association with clinical response. In 2004, our group analyzed possible associations between genes regulating the HPA axis and response to antidepressants in the Munich Antidepressant Response Signature (MARS) sample and found a strong association between polymorphisms in FKBP5 and treatment outcome (Binder et al, 2004) . In the meantime, these results have been replicated in the STAR*D sample (Lekman et al, 2008) as well as in another German sample .
The aims of our study were to: (1) analyze whether genetic markers in HTR2A and GRIK4 that show association with treatment outcome in a monotherapy antidepressant study would also show associations in a naturalistic European in-patient setting, and (2) whether polymorphisms in HTR2A, GRIK4, and FKBP5
show additive or interactive effects in treatment response prediction.
Our sample was collected within the MARS project (Hennings et al, 2009) . In contrast with the STAR*D cohort, these patients were all in-patients with moderate-to-severe as well as psychotic depressive symptoms. About 10% of our depressed patients suffered from bipolar disorder. Only a fraction of patients were treated with antidepressant monotherapy, whereas the majority received combinations of antidepressants, as well as adjunct mood stabilizers, antipsychotics, and benzodiazepines. In this study, we analyzed the association of the most significant SNPs from the STAR*D results and additional SNPs in the GRIK4 and HTR2A gene region with response and remission after 5 weeks of in-patient treatment. This was accomplished by genotyping a dense set of markers for both loci to account for possible differences in genetic structure because of ethnic differences. This approach also allowed us to evaluate the association across all genetic markers within the GRIK4 or HTR2A locus with treatment response and possible interaction effects among GRIK4, HTR2A, and FKBP5. Furthermore, because successful treatment of depression is associated with a normalization of the endocrine response of the HPA system (Holsboer, 2000; Ising et al, 2005 Ising et al, , 2007 , we analyzed genotype-dependent differences in plasma ACTH and cortisol responses in the combined dex/CRH test between admission and discharge in a sub-sample of 194 depressed patients.
PATIENTS AND METHODS

Subjects
In accordance with previous pharmacogenetic studies from our group (Binder et al, 2004; van Rossum et al, 2006; Uhr et al, 2008) 387 depressed in-patients (57.4% women) of the Max Planck Institute of Psychiatry and of the psychiatric hospitals in Augsburg and Ingolstadt, 18 years or older (M ¼ 49.5 years, SD ¼ 14.3) who participated in the MARS project (http://www.mars-depression.de; Hennings et al, 2009) , were recruited for the pharmacogenetic study. Inclusion criteria were a major depressive episode with a minimum total score of 14 in the Hamilton Depression Rating Scale (HAM-D, 21 items version) at study inclusion (M ¼ 27.2, SD ¼ 6.3). Diagnoses were ascertained by experienced psychiatrists in a semistructured interview according to the criteria of DSM-IV. Patients with neurological or neurodegenerative disorders or severe somatic diseases were excluded. We recorded ethnicity in patients and controls using a self-report questionnaire for perceived nationality, native language, and ethnicity of the subject and of all four grandparents. All patients were Caucasians from German or Western European descent. Patients were included after the details of the study were explained and GRIK4, HTR2A, and FKBP5 interact to predict antidepressant treatment outcome S Horstmann et al after written informed consent was given by the participants. The study protocols were approved by the local ethics committee of the Medical Faculty at the Ludwig Maximilians University, Munich. Fine-mapping for GRIK4 was conducted in 300 and for HTR2A in 305 depressed patients, of which 30 patients suffered from bipolar disorder. Details on demographic and clinical data of our sample of unipolar patients (n ¼ 275), in comparison with the STAR*D sample, are presented in Table 1 , and data are analyzed including as well as excluding patients with bipolar disorder. Within the unipolar depressed patients, 14.1% suffered from psychotic depression, and the following comorbid mental disorders were diagnosed: anxiety disorders (6.3%), substance abuse disorder (10.4%), eating disorder (2.2%), dysthymia (4.4%), and personality disorders (4.4%). The best SNPs from GRIK4 (rs12800734) and HTR2A (rs17288723) as well as rs1360780 in FKBP5 (Binder et al, 2004; Kirchheiner et al, 2008; Lekman et al, 2008) were genotyped in all 387 patients, and valid genotypes for all three SNPs were available in 374 patients. Demographic and clinical measures as well as comorbid mental disorders from the fine-mapping sample did not differ significantly from the whole sample (n ¼ 374; 90.7% unipolar, 9.3% bipolar, and 14.3% with psychotic depression).
Procedure and Psychopharmacological Treatment
Ratings of depressive symptoms (HAM-D, 21 items version) were performed within 3 days after admission and then weekly until discharge. Response was defined as a 50% reduction in the baseline HAM-D score, and remission was defined as reaching the HAM-D score of o10 after 5 weeks of in-patient treatment. In our study, the 21-item HAM-D is used so that a cutoff of 10 is similar to the previously proposed cutoff of 7 using the HAMD 17-item scale . Although major depression often necessitates treatment trials longer than 5 weeks, this time point was chosen to be consistent with previous pharmacogenetic studies from this cohort (Binder et al, 2004; van Rossum et al, 2006) , and because this duration of treatment yielded similar remission rates of approximately 30% between the in-patient MARS study and the outpatient STAR*D study . The study was designed as a naturalistic pharmacogenetic study to discover genotypes that are predictive of clinical outcome in relationship to treatment, which was according to the choice of the doctors. All types and combinations of antidepressants were allowed, as well as concomitant treatment (5 weeks time point) with mood stabilizers (18%), antipsychotics (21%), and benzodiazepines (35%). The plasma antidepressant concentrations were monitored to ascertain clinically efficient drug levels.
DNA Preparation, SNP Selection, Genotyping, Quality Control, and CEU Coverage DNA was extracted from 30 ml of EDTA blood using the Puregene whole-blood DNA extraction kit (Gentra Systems, Minneapolis, MN). SNPs in HTR2A (NM_000621, 13q14.2) and 30-kb downstream of the 5 0 and upstream of the 3 0 UTR were originally selected from dbSNP (http://www.ncbi.nlm.nih.gov/sites/entrez?db ¼ snp) using GRIK4, HTR2A, and FKBP5 interact to predict antidepressant treatment outcome S Horstmann et al tagging SNP information from the HAPMAP project (http:// www.hapmap.org). HTR2A SNPs and the intronic FKBP5 SNP, rs1360780, (Binder et al, 2004; Ising et al, 2008) were analyzed on a Sequenom platform using the iPlex technology (Sequenom, San Diego, CA, USA). SNPs in the GRIK4 (NM_014619, 11q23.3) gene region, including markers up to 40-kb 5 0 and 3 0 of the gene were selected from genotypes generated using the Illumina Sentrix Human-1 100k and 300k BeadChips (Illumina, San Diego, CA, USA). Genotyping was performed according to the standard protocols of the manufacturer. rs12800734 in GRIK4 was additionally analyzed on the Roche 480 Lightcycler by using a hybridization-probe assay (Roche Diagnostics, Basel, Switzerland). All primers are available on request. Only SNPs showing a call rate higher than 98%, a minor allele frequency (MAF) above 10%, and no deviation from Hardy-Weinberg equilibrium (HWE, error level below 10 À2 exact test; Wigginton et al, 2005) were included into the analyses. Two SNPs were genotyped by two different methods: rs10892608 on the Illumina platform and using the iPlex technology of Sequenom and rs12800734 on the Illumina platform and the Roche 480 Lightcycler. The genotype results were congruent in 100%. The concordance rate between our Illumina 100K and 300K platforms was 0.998.
To asses the genetic coverage of our SNP panel, we compared them with tag SNPs selected for the CEU population in HapMap phase III data using an R 2 cutoff of 0.8 and a MAF higher than 10% implemented in 'Tagger' (de Bakker et al, 2005) . In all, 117 tagging SNPs were selected for the transcribed region of the GRIK4 gene and 39 tagging SNPs for HTR2A. Our SNP panel provided 62% of the GRIK4 (mean R 2 ¼ 0.393) and 78% of the HTR2A (mean R 2 ¼ 0.322) gene information in CEU population for the latest version III of HapMap (February 2009). Our panel yielded higher coverage rates than the genome-wide SNParray (Illumina 300k; GRIK4 38% and HTR2A 46%) used in Ising et al (2009) .
Combined dex/CRH Test
The combined dex/CRH test administered 2-10 days (M ¼ 6.4 days, SD ¼ 2.1) after admission and before discharge was available for 194 depressed patients. Patients with concomitant treatment with mood stabilizers, such as lithium or carbamazepine, were excluded from the analysis because of the potential of these drugs to influence the outcome of the dex/CRH test (Bschor et al, 2002; Kunzel et al, 2003) . The procedure of the combined dex/CRH test has been described in detail elsewhere (Heuser et al, 1994; Kunzel et al, 2003) . In brief, patients are pretreated with 1.5 mg dexamethasone p.o. at 2300 h and HPA axis is stimulated with 100 mg human CRH at 1500 h the next day. Blood samples are drawn at 1500, 1530, 1545, 1600, and 1615 h through an intravenous catheter. CRH is injected shortly after the first blood collection. The subjects rest supine and awake throughout the test. Plasma hormone concentrations in the first specimen collected at 1500 h (baseline) reflect the suppressive effect of the dexamethasone upon the HPA axis, whereas the other four samples represent the plasma ACTH and cortisol responses to CRH stimulation under the dexamethasone pretreatment condition. As response indicators to the combined dex/CRH test, total areas under the curve (auc) values, which are defined as the natural logarithms of the trapezoidal integration of the five consecutive plasma ACTH and cortisol concentrations, were used. Plasma ACTH concentrations were analyzed using an immunometric assay (Roche Diagnostics, Mannheim, Germany), and plasma cortisol concentrations were determined using radioimmunoassay (ICN Biomedicals, Carson, CA, USA).
Statistical Analysis
For clarity of our analysis procedure we created a flow chart (Figure 1 ). Demographic and clinical data, including illnessrelated variables, were compared between samples and between genotypes using chi-square (w 2 ) tests for qualitative data and t-tests or analyses of variance (ANOVA) for quantitative data. Genetic effects were evaluated by regression-based models using permutation-based significance estimates using the WG Permer software (http://www. wg-permer.org). Empirical p-values, which are insensitive to potential violations of the regression prerequisites, are reported for 10 6 permutations of random distribution of phenotypes over genotypes. SNPs were tested for genotypic and allelic models of inheritance. We used the method described by Westfall and Young (WY, Westfall, 1993) to correct for the number of SNPs within each gene. In addition to single SNP by phenotype association analyses, we also performed a priori the multivariate Fisher's product method (FPM) for all variants genotyped within a gene (Fisher, 1932) . FPM includes the residuals of the phenotype variables remission or response after 5 weeks and the genotype information from all SNPs of the GRIK4 or HTR2A locus. It noteworthy that there is no need to correct these FPM association results for the number of SNPs tested per gene, because only one statistical operation is being performed. Furthermore, we corrected for the two phenotype variables and Bonferroni-corrected the WY p-values with factor 2. For the most significant SNP within each of the two genes, a repeated-measures ANOVA (age and gender as covariates) with weekly HAMD scores as the within-subject factor was used to describe genotype-related between-subject effects over the first 5 weeks of treatment. We also tested the association of these two SNPs with neuroendocrine measures (ACTH and cortisol) of the dex/ CRH test between admission and discharge of individual patients using repeated-measures ANOVA corrected for effects of age and gender after log transformation of the data (to approach normality and homogeneity). To test for interaction between the best SNP in GRIK4, HTR2A and rs1360780 in FKBP5, respectively, we applied first a step forward inclusion and then with the significant coefficients subsequently a hierarchical logistic regression model with remission after 5 weeks as binary outcome. The most strongly associated SNPs within GRIK4 and HTR2A and rs1360780 in FKBP5 as well as their 2 Â 2 interaction terms were used as predictors. The rare homozygous carriers were coded as 1 and the heterozygous carriers of all three SNPs were coded as 2. Threshold for inclusion of a coefficient was a p-value of o0.05 in the likelihood ratio test. We used FKBP5 SNP rs1360780 for this analysis, as this SNP yielded the most consistent results in German samples (Binder et al, GRIK4, HTR2A, and FKBP5 interact to predict antidepressant treatment outcome S Horstmann et al 2004; Kirchheiner et al, 2008) , and was in very high linkage disequilibrium (LD) with rs4713916 in Germans, showing the strongest association in the STAR*D sample (Lekman et al, 2008) . To further strengthen our interaction results, we applied a re-sampling to the original sample and conducted a bootstrapping analysis (re-sampling method; Efron, 1979) . A total of 1000 bootstrapping samples were created by drawing 374 individuals with replacement from the original data set. For each bootstrapping sample, we reran the association analysis and calculated Nagelkerke's R 2 for the logistic regression model including the disadvantageous AG genotype of GRIK4 and two interaction effects between the protective genotypes of GRIK4 and FKBP5 and GRIK4 and HTR2A, respectively. On the basis of the empirical distribution of these Nagelkerke's R 2 measurement, we derived an estimator and a confidence interval for the variance explained by the model.
Power was estimated using the Quanto software version 1.1. We had 80% power to detect association with remission (N ¼ 300, 30% remitters) with an effect size of X2.3 for GRIK4 or X2.2 for HTR2A for variants with a minor allele frequency of X0.2 and using an additive genetic model and a-levels adjusted for the number of tested SNPs per gene. Owing to the restricted number of cases, our power calculation shows adequate power only for huge effect sizes. This effect size is clearly smaller than the one reported for FKBP5 (Binder et al, 2004) , but larger than the modest effect sizes reported for the best HTR2A and GRIK4 SNPs of STAR*D (McMahon et al, 2006; Paddock et al, 2007) . Our odds ratio (OR) estimates agrees well with the one reported on the serotonin transporter (SLC6A4) 5-HTTLP variant (l-allele vs s-allele carriers) in the meta-analysis by Serretti et al (2007) . However, results of a genome-wide pharmacogenetic association study supposes that effect sizes of single SNPs to predict antidepressant drug treatment may be lower than expected previously (Ising et al, 2009) .
The LD structure and haplotype block definitions (Gabriel et al, 2002) were evaluated with HAPLOVIEW 4.1 using the |D 0 | method with a threshold of 0.80 (http:// www.broad.mit.edu/mpg/haploview) (Barrett et al, 2005) . When not otherwise stated, means (M) and SD are reported. Analyses were performed with SPSS (16.0, SPSS Chicago, IL), Sigma Plot (11.0, Systat Software, Chicago, IL, USA), or WG Permer (http://www.wg-permer.org).
RESULTS
GRIK4 and Treatment Response
We analyzed 82 informative SNPs in a 412-kb spanning region on chromosome 11 that contains the GRIK4 encoding locus with an average inter-marker distance of 5 kb. Although we observed nominally significant associations for both remission and response in the unipolar (n ¼ 270) and the extended uni/bipolar sample (n ¼ 300; see Table 2 ), none of the GRIK4 association results withstood WY correction for the number of SNPs tested. Genotypic, permutation-based Àlog p results for remission after 5 weeks of all 82 GRIK4 SNPs in the extended sample plotted against their physical location (hg18) as well as the corresponding LD map based on D 0 are shown in Figure 2 . SNPs showing the strongest association with remission in our study are located at the distal end of the GRIK4 gene region. In contrast, rs1954787, the best SNP of STAR*D resides in intron 1, about 173 kb proximal to our best SNP, rs12800734 (D 0 ¼ 0.42; R 2 ¼ 0.001). We observed the highest nominal significances with remission in the genotypic model for rs12800734 (p ¼ 0.0019, p corrected ¼ 0.12) and rs2276319 (p ¼ 0.0067, p corrected ¼ 0.33). rs12800734 and rs2276319 reside about 1 kb apart in intron 17 of GRIK4. Both SNPs are closely linked and strongly correlated (D 0 ¼ 0.93; R 2 ¼ 0.99). Two additional SNPs, rs2156633 (intron 11) and rs1944522 (5 0 UTR), showed associations with response only. The SNP predictive for treatment outcome in STAR*D, rs1954787, showed a nominally significant association with remission in the same direction (C allele associated with better outcome; genotypic, p ¼ 0.076, p corrected ¼ 0.98).
Applying the FPM over all 82 SNPs of the GRIK4 locus, the genotypic model reached significance with remission in both samples, the unipolar (p ¼ 0.026) and the uni-/bipolar sample (p ¼ 0.029). For association with response status, the results were only significant in the larger sample (Table 2) . Dex/CRH test N = 196 Figure 1 Flow chart of the analysis procedure. Associations of response and remission (not independent) after 5 weeks with single GRIK4 or HTR2A SNPs (fine mapping) are our primary hypotheses and we considered the two tested genes as independent hypotheses. A Westfall-Young correction was used to correct for all the genetic variants tested within a gene and this p-value was Bonferroni corrected for the number of tested phenotypes (k ¼ 2). We also tested (a priori) gene-wise associations between all GRIK4 and all HT2RA SNPs and remission and response to antidepressant treatment. Secondary analyses included our analyses with the best GRIK4 and HTR2A SNPs in the extended uni-/bipolar sample for (1) outcome, (2) dex/CRH test, and (3) interaction analyses of the best SNP within GRIK4 and HTR2A together with the FKBP5 SNP rs1360780. Figure 3a) . A repeated-measures ANOVA for change in HAM-D score over the first 5 weeks showed a significant time by genotype effect for this polymorphism in the extended unipolar/bipolar patient sample (n ¼ 387; Greenhouse-Geisser (GG): F 6.12 ¼ 2.25, p ¼ 0.036; Figure 3b ).
HTR2A and Treatment Response
We tested 37 informative SNPs spanning a 106-kb long region encompassing the HTR2A gene on chromosome 13 with an average inter-marker distance of 2.8 kb for genotypic and allelic associations with remission and response after 5 weeks of treatment, as shown in Table 3 . For two SNPs in intron 2 of HTR2A, rs17288723 and rs2770297, we observed nominally significant genotypic associations with remission but not response after 5 weeks in the unipolar (n ¼ 275) and the uni-/bipolar sample (n ¼ 305). In addition, three close-by SNPs in intron 1 were associated with remission after 5 weeks with higher significances in the allelic model. However, only the association of rs17288723 (genotypic, p ¼ 0.0011) remained significant after WY correction for the number of SNPs tested within this locus (p corrected ¼ 0.02) and after additional conservative correction for the two phenotypes response and remission (p corrected ¼ 0.04). rs7997012, the SNP identified and replicated as predictor of treatment response in the STAR*D sample, was nominally associated in our cohort; however, with the opposite allele predicting beneficial outcome (n ¼ 305; G allele protective; allelic, p ¼ 0.043, p corrected ¼ 0.62). The genotype distribution of rs7997012 was 27 GG (40.9%), 33 AG (50.0%), and 6 AA (9.1%) for remitters, and 73 GG (30.5%), 125 AG (Paddock et al, 2007) .
GRIK4, HTR2A, and FKBP5 interact to predict antidepressant treatment outcome S Horstmann et al (52.3%), and 41 AA (17.2%) for non-remitters after 5 weeks. Testing the overall association of variation in the HTR2A locus with remission after 5 weeks by combining the results of all 37 SNPs according to FPM and obtained significant results for both models: genotypic (p ¼ 0.012) and allelic (p ¼ 0.024; Table 3 ).
Genotypic, permutation-based Àlog p results for remission after 5 weeks of all 37 HTR2A SNPs plotted against their physical location (hg18) as well as the corresponding Figure 5a ). There was a significant rs17288723 CC vs CT/TT genotype effect change in HAM-D score over the first 5 weeks of treatment in a repeated-measures ANOVA (n ¼ 381; GG: F 6.20 ¼ 2.25, p ¼ 0.035; Figure 5b ).
Association with Demographic, Disease-Related Variables, and Drug Plasma Levels
We further analyzed whether GRIK4 rs12800734 or HTR2A rs17288723 genotypes were significantly associated with various subject, disease-related variables, and drug plasma levels. We observed no genotype-dependent differences in sex, age, diagnostic subgroup (unipolar, bipolar, and psychotic), illness duration, number of previous depressive episodes, number of former hospitalizations, duration of current episode, chronic depression (current episode lasting X2 years), anxious depression (baseline HAM-D anxiety/ somatization factor score X7, Fava et al, 2004) , HAM-D score at inclusion, plasma drug levels (corrected for age, gender, drug dosage, and body weight) of mirtazapine (n ¼ 89), trimipramine (n ¼ 62), venlafaxine (n ¼ 57), citalopram (n ¼ 49), and paroxetine (n ¼ 23) at week 5, and comedication with mood stabilizers, antipsychotics, or benzodiazepines at week 5. However, we found a nominally significant effect on age of onset for GRIK4 rs12800734, with AG heterozygotes suffering from their first depressive episode earlier in life (p ¼ 0.044). 
Association with Endocrine Variables
We next analyzed genotype-dependent differences in plasma ACTH and cortisol responses in the combined dex/CRH test (n ¼ 194) from admission to discharge for rs12800734 (GRIK4) and rs17288723 (HTR2A). We found interaction between GRIK4 rs12800734 genotype and change in endocrine response to the dex/CRH test between admission and discharge. The plasma ACTH (auc ACTH; GG: F 2 ¼ 9.95, p ¼ 0.002) and cortisol (auc cortisol; GG: F 2 ¼ 5.40, p ¼ 0.021) responses were significantly lower in the second dex/CRH test before discharge in homozygous GG carriers compared with the other two genotype groups (Figure 3c and d) . No genotype-dependent differences were observed in basal plasma cortisol levels or plasma cortisol levels measured on the morning after treatment with dexamethasone. There were also no differences between genotype groups in the severity of depressive symptoms or plasma endocrine responses at the time of the first dex/CRH test. No significant interaction or main effects were observed for rs17288723 (HTR2A).
Multi-SNP Prediction Model
To test for possible additive or interaction effects between genotypes of GRIK4 (rs12800734), HTR2A (rs17288723), and FKBP5 (rs1360780), we applied a logistic regression model with remission after 5 weeks as the binary outcome and the three SNPs and their 2 Â 2 interaction terms as predictors corrected for age and gender (Table 4 ). In 374 patients tested, the best step forward inclusion model included a main effect for the disadvantageous AG genotype of GRIK4 (p ¼ 0.004) and two significant interaction effects between the protective genotypes of each SNP:
(1) GG of GRIK4 and TT of FKBP5 (p ¼ 0.022), and (2) CC of HTR2A and GG of GRIK4 (p ¼ 0.039). This three SNP model explained 13.1% of the variance (Nagelkerke's R 2 ) for remission at week 5 (p ¼ 0.00051 for the model). Remission rates after 5 weeks for both SNP-SNP interaction effects are depicted in Figure 6a and b. Among patients homozygous for both HTR2A CC and GRIK4 GG (n ¼ 5), 66.7% were remitted at week 5 in contrast with 25.7% of patients carrying either HTR2A CC or GRIK4 GG (n ¼ 64) and only 15.9% for HTR2A non-CC and GRIK4 non-GG carriers (n ¼ 305). We additionally evaluated the gain in model fit of including the two identified interaction terms. A hierarchical regression analysis with the GRIK4 SNP in the first and the two significant SNP Â SNP interaction terms in the second block showed that adding the two interaction terms significantly improves the model (p ¼ 0.00015). A bootstrapping analysis with 1000 samples that were randomly re-sampled out of the original data set of 374 depressed patients by applying the same model (het./hom. main effect for GRIK4 and two interaction effects: GRIK4 and FKBP5 and GRIK4 and HTR2A) revealed an average Nagelkerke's R 2 of 0.138 (95% CI 0.066-0.225). Testing single SNPs for main effects only, the protective TT genotype of FKBP5 explained 4.3%, the adverse AG and the beneficial GG genotypes of GRIK4 explained 2.5%, and the favorable GG of HTR2A explained 1.5% of the variance (Nagelkerke's R 2 ) for remission at week 5.
DISCUSSION
This study supports the association of GRIK4 and HTR2A with response to antidepressant treatment and builds on the original identification of these genes as predictors of treatment outcome to citalopram in the STAR*D sample (McMahon et al, 2006; Paddock et al, 2007) . Because of substantial differences in study design, these results have to be interpreted with caution, but they may broaden the effect of these genes to a more general psychiatric in-patient population who is treated according to the choice of the doctors.
In contrast with the ethnically diverse, outpatient cohort in STAR*D, our MARS patients are all Caucasians and inpatients with moderate-to-severe depressive symptoms, including a subset with psychotic depression. Furthermore, exit time points, outcome measures, and analytical approaches differed substantially between studies. Moreover, in the majority of our analyses we have included approximately 10% of currently depressed bipolar patients. Only a fraction of our patients had been treated with antidepressant monotherapy, but the majority received combinations of antidepressants, as well as mood stabilizers, antipsychotic drugs, and benzodiazepines. All STAR*D patients were treated only with the selective serotonin reuptake inhibitor citalopram at level 1. The GRIK4, HTR2A, and FKBP5 interact to predict antidepressant treatment outcome S Horstmann et al STAR*D and the unipolar MARS samples further varied significantly in almost all examined disease-related parameters. In particular, chronic depression was over twice as common in the STAR*D cohort (see Table 1 ). Despite these differences, we observed nominally significant associations for the two top SNPs of the so far published STAR*D pharmacogenetics studies. The GRIK4 SNP (rs195487) was nominally significantly associated with treatment remission in our sample in the same direction as the one previously reported. On the other hand, the HTR2A SNP (rs7997012) was significantly associated with remission after 5 weeks, but the G, not the A allele as in STAR*D seemed to be protective. However, these single SNP associations did not withstand correction for multiple testing, so that the observed associations most likely reflect false-positive findings. In conclusion, neither rs195478 nor rs7997012 of HTR2A replicated in our MARS study. More convincingly, association testing across all variants genotyped within the two genes showed significant associations with response and remission for both loci, supporting the involvement of genetic variation within GRIK4 and HTR2A in general, but not specific variants within these genes, in treatment response. Despite the good genetic coverage of our SNP panel (62% for GRIK4 and 78% for HTR2A), the lack of complete genotype data for all relevant variants makes it possible that further SNPs not genotyped in this study are relevant for antidepressant treatment response.
Although the association of rs12800734 in intron 16 of GRIK4 did not withstand correction for the number of variants tested in this gene, data from the combined dex/ CRH test, an established biological marker for antidepressant treatment response, support it's effect on treatment response. Comparing ACTH and cortisol measures in the combined dex/CRH test between admission and discharge in 194 depressed patients, patients carrying the remissionassociated GG genotype of rs12800734 showed a significant downregulation of the HPA axis hyperactivity. This pattern has been repeatedly shown to be associated with beneficial treatment outcome Ising et al, 2007; Binder et al, 2009) . The additional heterozygote disadvantage of rs12800734 AG carriers is somewhat unusual and not easily to explain, but there are other reports, for example, for P2RX7 that show that the co-expression of both alleles may lead to specific effects not observed in homozygotes (Lucae et al, 2006; McQuillin et al, 2009) . Although the two best SNPs in GRIK4 and HTR2A predicted treatment response, we could exclude that this was because of associations with variables that could themselves be predictive for treatment outcome, such as, for example, drug plasma levels, diagnostic subgroup, duration of the current episode, or anxious depression .
The relevance of the HTR2A and GRIK4 genes in antidepressant response is supported by preclinical, imaging, and genetic studies. Although not covering the locus systematically, several previous studies have provided suggestive evidence for an involvement of other HTR2A variants in antidepressant outcome (Minov et al, 2001; Cusin et al, 2002; Peters et al, 2004; Choi et al, 2005; Hong et al, 2006; Kato et al, 2006; McMahon et al, 2006; Paddock et al, 2007; Perlis et al, 2009 ). Post-mortem (McKeith et al, 1987 Lopez-Figueroa et al, 2004) and positron emission tomography (PET) (Yates et al, 1990; Yatham et al, 2000; Mintun et al, 2004 ) studies have reported both increased and decreased HTR2A receptor number and binding in different brain regions of depressed individuals. It has also been shown that cortical HT2RA signaling modulates anxiety-like behaviors in mice (Weisstaub et al, 2006) . HTR2A is expressed in a series of brain regions relevant for depressive behavior, including the hippocampus and the paraventricular nucleus of the hypothalamus (Barnes and Sharp, 1999; Hanley and Van de Kar, 2003) . Moreover, HTR2A is a well-documented activator of the HPA axis (Van de Kar et al, 2001; Hanley and Van de Kar, 2003) , and is in turn regulated by stress hormones (Torda et al, 1990; Kuroda et al, 1992; McKittrick et al, 1995; Fernandes et al, 1997) . A large number of drugs mediate their actions, at least partially by interactions directly or indirectly (increasing 5-HT in the synaptic cleft) with HTR2A. Downregulation of HTR2A is a common characteristic after chronic exposure in a variety of pharmacologically distinct antidepressant drugs (Peroutka and Snyder, 1980; Blackshear and Sanders-Bush, 1982) . Anti- GRIK4, HTR2A, and FKBP5 interact to predict antidepressant treatment outcome S Horstmann et al depressant drugs therefore potentially affect the function of neuronal prefrontal-subcortical circuits, as well as the HPA system through downregulation of HTR2A. A series of studies have also implicated the glutamatergic system in the pathogenesis, pathophysiology, and treatment of mood disorders (Sanacora et al, 2008) . Two gene families code for several kainate receptors subunits: GRIK1-3 (GLUR5-7) for the low-affinity and GRIK4/GRIK5 (KA1/ KA2) for the high-affinity subunits. These subunits act as tetrameric assemblies pre-and post-synaptically. Kainate receptors are involved in the regulation of neurotransmitter release, fast excitatory neurotransmission, in the control of neuronal excitability, and in synaptic integration and plasticity (Pinheiro and Mulle, 2006) . Glutamatergic abnormalities have been reported in plasma (Altamura et al, 1993; Hashimoto et al, 2007) , cerebrospinal fluid (Levine et al, 2000; Frye et al, 2007) , brain tissue (Francis et al, 1989; Hashimoto et al, 2007) , and in brain imaging studies (Auer et al, 2000; de Graaf et al, 2003) of individuals affected with mood disorders. Finally, ketamine, an NMDA receptor antagonist, as well as riluzole, a drug currently approved for the treatment of amyotrophic lateral sclerosis (ALS) that decreases glutamate release, show antidepressant and anxiolytic effects (Zarate et al, 2004; Mathew et al, 2005) .
In the past few years, much effort has been directed toward the search for genetic predictors of antidepressant drug efficacy. The effect of genetic variation has been studied at the pharmacokinetic (eg, CYP2D6; Kirchheiner and Seeringer, 2007; Peters et al, 2008; Tomalik-Scharte et al, 2008; Uhr et al, 2008) , the pharmacodynamic (Binder and Holsboer, 2006; Kato and Serretti 2008; Horstmann and Binder, 2009) , and the bioavailability level (eg, ABCB1; Uhr et al, 2008) . Up till now all studies were driven by hypothesis, analyzing candidate genes in the main systems currently implicated in the etiology of major depression and mechanism of action of antidepressant drugs (Holsboer, 2008) . The first whole genome association study has recently been reported by our group. Although no single genetic variant was consistently replicated, the combination of 46 risk alleles, together with the presence of anxious depression, predicted treatment outcome in MARS and STAR*D (Ising et al, 2009) . Although preliminary, our data from a multi-marker model also support the use of SNP combinations in the pharmacogenetics of antidepressant drugs and underline the importance of gene Â gene interaction. Our three-marker model, which included main effects as well as two gene Â gene interaction, predicted over 13% of the variance in our sample, whereas models that solely included main effects for FKBP5, GRIK4, or HTR2A only explained 4.3%, 2.5%, and 1.5% of the variance, respectively. In comparison, the variance explained by 5-HTTLPR (SLC6A4), a polymorphism showing significant association with response to SSRIs in a recent meta-analysis, has been estimated to be approximately 2-3% . The interaction of genes from the monoamine, glutamatergic, and HPA axis system indicate that several systems are likely disturbed in major depression and their function restored with clinically effective antidepressant treatment. Drugs having a combined effect, either directly or indirectly, on all systems might yield more rapid antidepressant response.
Although our results seem to support data from the STAR*D study, caution is needed in the interpretation of the results, as the power of the study is limited, especially for gene Â gene interaction analyses. Although we found several SNPs in HTR2A and GRIK4 to be associated with treatment response with nominally significant p-values, only one HTR2A SNP withstood correction for multiple testing. However, both genes showed significant associations in gene-wise tests. Further limitations of this study are summarized below.
(1) Our results may be confounded by population stratification. This is, however, unlikely as previous studies using genomic control SNPs (Binder et al, 2004) as well as a GWAS study (Ising et al, 2009) did not find any indication of population admixture in the MARS sample (l ¼ 1.023). (2) Because our study did not include a placebo treatment arm, we cannot distinguish whether our associations are related with the specific effects of antidepressant treatment or are a reflection of the natural course of the disease in individual patients. (3) The inclusion of patients suffering from bipolar depression may be regarded as confounder. However, as reported, we did not detect differences between patients with unipolar or bipolar depression with respect to the genotype frequencies of our best HTR2A and GRIK4 SNPs. In addition, we could show that in the MARS study the diagnosis of unipolar vs bipolar depression had no effects on the short-term treatment outcome in the MARS study (Hennings et al, 2009) , and hence we feel that the combined analyses are permissible. (4) A further limitation is the heterogeneity of antidepressant treatment types used in the MARS sample. However, given the fact that the primary mode of action of all antidepressants is likely related with an enhancement of monoaminergic neurotransmission and that despite differences in the profile of receptor occupancy, antidepressants show comparable efficacy across drug classes (Mathew et al, 2008) , a combined analyses across antidepressant treatments seem justifiable. Side effects and consecutive change of medication are likely to influence the speed of response and have to be further considered as potential confounding variables. (5) A further limitation is the choice of a 5-week time point, which is much shorter than the maximal possible observation time in level 1 of the STAR*D study. The choice of this shorter treatment time was based on well-documented differences in time until response/remission between antidepressant treatment of inpatients and outpatients (Mauskopf et al, 2009) and yielded similar remission rates between the MARS and the STAR*D study. Approximately 30% of patients remit to antidepressant therapy within 5 weeks in our MARS study (Hennings et al, 2009 ), close to the remission rate of 28% (HAM-D) and 33% (QIDS-SR) observed after the first treatment trial of up to 14 weeks in the STAR*D study .
Although our study is limited by power and sample size and despite substantial differences in study design as compared with the STAR*D trial, our findings support a central role of HTR2A, GRIK4, and FKBP5 in the pharmacogenetics of antidepressant drugs and these effects do not seem to be restricted to citalopram treatment. However, further replications in independent samples, in particular replication of the interaction results, are warranted to corroborate our findings.
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